We study level mixing in the single particle energy spectrum of one of the constituent quantum dots in a vertical double quantum dot by performing magneto-resonant-tunneling spectroscopy. The device used in this study differs from previous vertical double quantum dot devices in that the single side gate is now split into four separate gates. Because of the presence of natural perturbations caused by anharmonicity and anistrophy, applying different combinations of voltages to these gates allows us to alter the effective potential landscape of the two dots and hence influence the level mixing. We present here preliminary results from one three level crossing and one four level crossings high up in the energy spectrum of one of the probed quantum dots, and demonstrate that we are able to change significantly the energy dispersions with magnetic field in the vicinity of the crossing regions.
Introduction
Means to realize strong mixing of three or more energy levels to investigate quantum coherent transport are required for advanced quantum information protocols in the solid state. For example, Refs. [1] and [2] describe interesting all-electrical single-electron-tunneling schemes for coherent population trapping and coherent tunneling by adiabatic passage. Vertical quantum dots (QDs) possessing a high degree of symmetry [3, 4] offer unexpected opportunities to observe strong mixing between multiple single-particle levels over a wide energy window [5, 6] . Recently, we measured and successfully modeled three-level coherent mixing, attributed to natural anharmonicty and anisotropy in the QD confinement potentials, leading for instance to resonant current suppression ("dark" state formation) in a vertical double QD device with a single side gate wrapped around the circular mesa [6] . However, in this earlier work, it was not possible to alter the effective QD confinement potentials in-situ and so the mixing could not be influenced experimentally. In this work, we now use multiple-gate technology [7] to build a vertical double QD device in which the side gate is split into four separate gates. We can observe pronounced level mixing at magnetic (B-) field induced crossings in the single particle spectrum of the constituent QDs in our device, and by applying different combinations of voltages to the four gates, we are able to perturb the effective QD confinement potentials and hence influence the level mixing. We focus on one three level crossing and one four level crossing high up in the energy spectrum of one of the QDs and describe how their energy dispersions with B-field change when different combinations of voltages are applied to the four gates.
Device Structure and Measurement Principle
A scanning electron microscope (SEM) image of a device mesa similar to the one used in this study is shown in Fig.  1(a) . The weakly coupled vertical QD molecule is located inside the sub-micron mesa (square-shaped and at the center of the image) fabricated from a GaAs/Al 0.22 Ga 0.78 As/In 0.05 Ga 0.95 As triple barrier structure [8] . Electrons are strongly confined in the vertical direction by the heterostructure barriers. The weaker lateral confinement is provided by depletion from the mesa side wall and can be changed by applying voltages to the four side gates around the mesa. The thin line mesas radiating out from the center mesa pattern the gate metal and facilitate metal contacts to bonding pads [7] . To study the level mixing we capture the single particle energy spectrum of one of the constituent QDs in the device by performing magneto-resonant-tunneling spectroscopy with a B-field applied parallel to the direction of current flow (out-of-dot-plane) [5, 6, 9] . This is done by using the 1s-like state in the upstream QD to probe the energy spectrum of the downstream QD in the single electron tunneling regime [5] . We note that in our device the tunnel coupling energy is sufficiently small (<0.1meV) that we can effectively picture the states in one dot to be uncoupled from the states in the other dot, i.e., we are studying left dot and right dot states rather than bonding and anti-bonding states.
In order to understand the influence of the four gates on the QDs, consider the cartoons in Figs. 1(b) and (c). For simplicity, we will assume that all four gates are identical and that the action of each gate on the QDs is the same. Additionally, we will initially assume the QD confinement potentials to be ideal. In Fig. 1(b) , we first imagine that all four gates are set to the same voltage
, giving approximately circular QDs whose centers are at the center of the mesa. Then, as the gate voltages are all simultaneously made more negative the QDs are squeezed as shown. Next, in Fig. 1(c) , suppose that the various gate voltages are initially set differently (for example, in the figure
This can influence the QD confinement potentials in two ways. Firstly, the center of the QD confinement potentials is shifted away from the center of the mesa. Secondly, the shape of the QD confinement potentials can be changed to be approximately elliptical. After the gate voltages are initially set, they can also be all swept simultaneously to more negative voltages, which squeezes the QDs as shown. Crucially, however, the preceding discussion neglects the influence of anharmonicity and anisotropy, due to local imperfections and randomness in the structure, on the confinement potentials of realistic QDs. Previously, we have shown how these perturbations, which are represented by the gray irregular shapes in Fig. 1(b) and (c), induce pronounced energy level mixing in the single particle spectra of our QDs [6, 9, 10] . Although the presence of these perturbations makes it hard to realize QD potentials which are nearly ideally circular or elliptical and parabolic, we we can still expect that by altering how the gate voltages are initially applied and subsequently swept, the electrons traversing the QDs will see different effective confinement potential landscapes which can influence the coherent level mixing that occurs in the vicinity of the crossing points in the spectra.
Discussion
The single particle energy spectrum of one of the constituent QDs in the four-gate device, measured with equal voltages on all four gates, is shown in 2 Fig. 2 . One might expect that this spectrum is the closest approximation to the spectrum which would have been measured had the device only had one side gate surrounding the mesa. The energy axis in Fig. 2 corresponds to a covariation of the bias voltage applied across the coupled QDs and the gate voltages, i.e., both higher bias and further squeezing of the QDs are required to probe levels at higher energy. Excluding the regions where two or more energy levels approach each other, the measured spectrum can be well reproduced by an energy spectrum for ideal elliptical and parabolic (twodimensional) confinement [11, 12, 13, 14] with confinement strengthshω x = 7.5 meV andhω y = 5.5 meV, i.e., the ellipticity δ = ω x /ω y ∼ 1.4. In the vicinity of the level crossings pronounced anticrossing behavior is prevalent, and this along with the strong variation of the resonance currents (not shown in Fig. 2 ) are clear signatures of coherent mixing induced by perturbations in the probed QD's confinement potential. We note that in our earlier work on the single-gate device we were able to reproduce satisfactorily the observed anticrossing behavior at specific level crossings by including appropriate higher degree terms (from symmetry arguments) as perturbations to the probed QD confinement potential [6, 10] .
In order to understand the energy level dispersion at three level crossings exhibiting anticrossing behavior, we have developed a simple matrix Hamiltonian model as described in Ref. [6] . In this model, the couplings between each pair of approaching (basis) levels, induced by the confinement potential perturbations, are characterized by the off-diagonal matrix elements. The model predicts that four basic types of energy level dispersions are possible at a three level crossing dependent on the number of dominant couplings [6] . In our previous experimental work, these coupling parameters could not be altered in-situ. With the new device we are now able to alter to a certain degree the coupling parameters at a given crossing by altering how the four gate voltages are swept in order to probe states arising from different QD potential landscapes. To demonstrate this we will consider two different crossings in the spectrum of the same QD sampled differently.
We focus first on the three level crossing between the 4p − , 5d + and 6h + -like states labeled γ in Fig.  2. Figs. 3(c) and (d) show explicitly some of the current traces we measured at this crossing for two different QD potential landscapes. However, it is much clearer to see the behavior at the crossing re- States marked by the same symbol would be degenerate at 0T and belong to the 4th, 5th and 6th (circle, square and triangle) shells if the confining potential were exactly circular and parabolic [3, 14] .
gion by taking the derivative of the current with respect to energy (effectively the differential conductance) and studying the resulting grayscale plots [Figs. 3(a) and (b)] in which the peaks in the current traces appear as black-and-white striped lines. In Fig. 3(a) we see three distinct resonances (labeled 1-3). As the B-field is increased resonances 1 and 2 clearly anticross while resonance 3 appears to cross the other two resonances exactly. Detailed data analysis (not shown) reveals that there are in fact small, barely resolvable anticrossings when resonance 3 intersects both resonances 1 and 2 (our spectral resolution is ∼50µeV). Nonetheless, this crossing is still fundamentally a one dominant coupling type crossing [6] . In Fig. 3(b) , we see quite different behavior for the same crossing, but with a different combination of applied voltages to the gates. Now resonances 1 and 2 appear to exactly cross while resonances 3 remains a separate branch. Counter-intuitively, this behavior can arise when all three couplings are dominant [6] . In fact, if all the 3 coupling parameters are equal in magnitude, the crossing between resonance 1 and 2 would be exact. This ideal situation is highly unlikely in reality, and likely there is a small, unresolvable anticrossing between resonances 1 and 2. Detailed modeling of both the energy dependence and the currents at these crossings will be given elsewhere [15] . intermediate to (a) and (c) [see also selected traces in Fig. 4(d) ]. Elsewhere, we will describe how we extended our simple model for three level crossings from Ref. [6] to characterize four level crossings [15] .
Conclusion
We have described a vertical double QD device with four side gates which allows us to alter the effective lateral confinement potential of the constituent QDs and so influence the observed level mixing in the QD energy spectra. The consequences of altering how the gate voltages are applied are clearly seen at level crossings between three and four single-particle levels. These effects, including how the resonance currents explicitly vary with Bfield for different gate voltage configurations, will be more fully discussed and modeled elsewhere [15] . 4
